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A novel fluorophore for two-photon-excited
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Abstract

We have studied the two-photon excited fluorescence properties of a new fluorophore, DCDHF-6, at single-molecule and bulk
concentrations. This molecule features several beneficial properties including suppressed blinking, high fluorescence quantum yield,
and viscosity-dependent fluorescence. Here, analysis of the two-photon excited fluorescence (TPF) behavior of single DCDHF-6
molecules demonstrates their applicability to experiments combining single-molecule and two-photon microscopy. A method is
developed for measuring the absolute two-photon absorption cross-section d of a single dye copy, and DCDHF-6 is shown to have
a d of 44 GM at an excitation wavelength of 940 nm.
� 2005 Elsevier B.V. All rights reserved.
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Two-photon excited fluorescence (TPF) microscopy
is a well-known imaging method used widely in both
the biological and physical science communities [1–3].
Due to the nonlinear dependence of two-photon absorp-
tion (TPA) on excitation intensity I (TPA / I2) and
sample transparency at the excitation wavelength, TPF
occurs only within the focal volume of the focused exci-
tation beam where intensity is highest, allowing subsur-
face imaging without cleaving, damaging, or otherwise
altering the sample, and without appreciable photoble-
aching of fluorophores adjacent to the focal volume.
An ideal TPF dye would have as large a TPA cross-
section d as possible; common dyes have ds in the order
of 10 · 10�50 cm4s/photon = 10 Goeppert–Mayer (GM)
[4] and are utilized almost exclusively in bulk concentra-
tions so as to generate detectable amounts of fluores-
cence signal. Relatively few single-molecule TPF
experiments exist in the literature [5–9], despite the fact
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that such experiments could combine the subsurface
imaging capabilities of TPF microscopy with the many
advantages of single-molecule microscopy (working in-
side the ensemble average, nanometer-scale sensitivity,
etc.) [10]. In order to combine TPF and single-molecule
microscopy, however, a fluorophore with both a large d
and excellent single-molecule fluorescence properties,
e.g., high quantum yield and photostability, is required.

The search for such molecules has led us to consider a
relatively new class of single-molecule fluorophores, the
DCDHFs [11]. The DCDHF dyes, which contain an
amine donor and a dicyanodihydrofuran (DCDHF)
acceptor, were originally developed as nonlinear optical
(NLO) chromophores for use in photorefractive poly-
mers/glasses [12]. Though most other NLO chromoph-
ores are non- or weakly fluorescent, the DCDHFs are
excellent single-molecule emitters, and their single-
molecule imaging capabilities have been recently docu-
mented [11,13]. These molecules have strong one-photon
absorption, high quantum yield, weak triplet-state bot-
tlenecks, and high photostability. Various derivatives
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have absorption and fluorescence across the visible spec-
trum [11], and the DCDHFs show emissive properties
sensitive to local rigidity [13]. Modification of the
DCDHF structure allows for the electronic and mor-
phological properties to be tuned so that they may be
tailored to many environments and applications. The
DCDHFs also possess a moderate hyperpolarizability
(b0), large polarization anisotropy (da0), and a signifi-
cant ground state dipole moment (lg) – all potentially
valuable properties that are absent in virtually all other
single-molecule fluorophores. In this work, we report on
the single-molecule TPF properties of DCDHF-6 (for-
mal name 2-dicyanomethylene-3-cyano-5,5-dimethyl-4-
(4 0-dihexylaminophenyl)-2,5-dihydrofuran), which is a
representative member of the DCDHF class of dyes,
in this case with a dihexylamino donor group.

Single-molecule (bulk) concentration DCDHF-6
samples were spun onto a glass cover slip from a solu-
tion of �10�10 (�10�4) M dye in poly(methyl methacry-
late) (PMMA)/toluene, 1% m/m. The structure of
DCDHF-6 is shown in Fig. 1(a) and details of its syn-
thesis are reported elsewhere [14]. TPF was measured
with a confocal sample-scanning configuration [15]. A
mode-locked Ti:sapphire laser with repetition rate of
�76 MHz and 120 fs pulses was used for excitation
through the epifluorescence port of an inverted optical
microscope (Nikon TE300). Pump wavelengths kpump

were tuned between 790 and 960 nm. The linearly polar-
ized excitation beam was focused using a 1.4N.A., 100·
oil objective. TPF was collected by the same objective
Fig. 1. (a) Structure of DCDHF-6. (b) A log–log plot demonstrating
the quadratic dependence of TPF on average excitation power. (c)
One- and two-photon fluorescence spectra from DCDHF-6, where the
one-photon spectrum has been vertically offset for clarity. (d) TPF
scanning image of single DCDHF-6 molecules in a PMMA film. (e)
Area-integrated TPF intensity of a single molecule as a function of
time, 100 ms averaging interval.
and passed through three spectral filters, which effec-
tively transmit emission with wavelengths between 460
and 700 nm while attenuating the laser light with an
optical density (OD) > 18. A large aperture (200 lm)
was used in the detection path to further reduce back-
grounds from scattered excitation light. The fluores-
cence is either focused onto a single-photon counting
avalanche photodiode (APD) for broadband collection
or dispersed by a spectrometer onto a liquid-nitrogen-
cooled Si charge-coupled device (CCD) camera (Roper
Scientific) for spectral detection. For TPF time-
dependent analysis, each photon detected by the APD
is time stamped by a time-correlated single-photon count-
ing (TPSPC) board (PicoQuant, TimeHarp 200) [16].

The detected TPF signal from a bulk dye concentra-
tion film, measured as function of average excitation
power, is plotted in Fig. 1(b). The best-fit line through
the data has a slope = 2 on a log–log scale, confirming
that the detected fluorescence is quadratically dependent
on incident excitation intensity and is the result of TPA.
One-photon and two-photon fluorescence spectra from
a bulk concentration film are shown in Fig. 1(c). Both
spectra have the same peak wavelength (kpeak = 525
nm) and full width at half maximum (FWHM � 60
nm), though the two-photon spectrum may exhibit a
slight amount of broadening relative to the one-photon
spectrum near kpeak on the long wavelength side.

As demonstrated by the confocal scanning image in
Fig. 1(d), we observe TPF from individual DCDHF-6
molecules in a PMMA film. Fig. 1(d) is a 10 lm by 10
lm (200 by 200 pixel) image acquired with an average
incident power of 260 lW at kpump = 930 nm and dwell
time of 10 ms/pixel. Fig. 1(e) shows the area-integrated
TPF intensity from a single molecule as a function of
time. Each detected fluorescence photon in the time
trace is time stamped [16], and time traces were collected
for 130 individual DCDHF-6 molecules. Similar to one-
photon fluorescence [11], blinking was not observed on a
100 ms time scale from >80% of the molecules, demon-
strating excellent stability.

The total number of detected TPF photons NTPF
Tot per

molecule was determined by integrating individual sin-
gle-molecule time traces, yielding the histogram in Fig.
2(a). The characteristic NTPF

Tot;O, defined here as the e�1

value of a single exponential fit to the distribution, is
6024 ± 730 for two-photon excitation. Because the dis-
tribution in Fig. 2(a) is exponential and not Gaussian,
the process leading to the loss of fluorescence in these
molecules is simple Poisson (i.e., single-step photoble-
aching) and not due to a thermal bleaching process [5].
NTPF

Tot;O is much less than the mean number of detected
photons of 250,000 for one-photon excitation [11]. Be-
cause relatively high excitation intensities are employed
for single-molecule (versus bulk) TPF studies, this result
is consistent with previous TPF studies where the photo-
bleaching rate was shown to be strongly dependent on



Fig. 2. (a) Histogram of total detected TPF photons from single-
molecule time traces and an exponential fit to the distribution, yielding
an e�1 value of 6024 ± 730 photons. A histogram of single-molecule
TPF lifetimes of DCDHF-6 in PMMA is shown in (b). The lifetime
distribution is fit to a Gaussian; fit parameters are given in the text.
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two-photon excitation power [17]. The increased photo-
bleaching is attributed to higher-order photon interac-
tions within the focal volume [8,17,18]. We note,
however, that enough TPF photons are detected for
both the imaging (see Fig. 1(d)) and lifetime determina-
tion (see Fig. 2(b)) of individual DCDHF-6 molecules.
The total number of emitted photons is given by
NTPF

Tot divided by the collection efficiency / of our exper-
imental set-up (measured to be 5.1%) and is, on average,
equal to �120,000 per molecule before photobleaching.

The TPF time records of photon arrival times relative
to the excitation pulse yield fluorescence lifetime infor-
mation for individual molecules excited via two-photon
absorption. The lifetime data from each molecule is
deconvoluted from the instrument response function
(IRF) and fit to a single exponential using maximum
likelihood estimation. A histogram of lifetimes from 99
single molecules is shown in Fig. 2(b). All molecules
were checked for digital photobleaching to ensure the
collected emission was from a single molecule, and only
lifetime data from molecules with more than 1000 de-
tected photons are reported, ensuring adequate fitting
accuracy. The statistically expected width of the histo-
gram due to limited observation time is �150 ps [19],
which is based on the minimum count number, the aver-
age excited state lifetime, and the time bin specifications
of our detector and related electronics. A Gaussian fit to
the distribution has a standard deviation of 200 ps,
somewhat larger than the expected statistical width,
and is attributed to microscopic heterogeneity of the
polymer film. The ensemble-averaged TPF lifetime of
1.8 ns is shorter than the average one-photon excitation
lifetime of 2.5 ns [13], providing possible evidence that
separate recombination pathways are accessed for two-
versus one-photon excitation. Samples for the one-
and two-photon single-molecule lifetime experiments
were prepared similarly and consist of DCDHF-6 mole-
cules distributed throughout a �50 nm thick PMMA
film on coverglass. Embedding the molecules in the
PMMA matrix is expected to reduce surface–molecule
interactions and, therefore, surface effects on lifetime.
We suspect the reduction in lifetime for TPF is due to
an increase in non-radiative relaxation, which is most
likely related to the large pump intensities present in
the focal volume. Previous electronic structure calcula-
tions show that DCDHF molecules are susceptible to
a twist of the dicyano group when excited, which leads
to non-radiative relaxation [13]. It is possible that this
twist is enhanced by either the resonant absorption of
a third infrared photon or by a softening of the sur-
rounding polymer matrix due to localized heating. Such
a process leads to a reduction in the TPF quantum yield.

Usually, TPA cross-sections are determined via mea-
surements on bulk-concentration samples such as those
found in [4,20]. Here, we develop a new method based
on single-molecule imaging where we use the detected
TPF count rates from single emitters to determine the
TPA cross-section. The TPF signal from a single mole-
cule centered in the focused, diffraction-limited excita-
tion spot is given by

TPFðtÞh i ¼ 1

2
� / � g2 � d �

gp
f s

� p
2ðN :A:Þ4

k4pump

� P ðtÞh i2; ð1Þ

where hTPF(t)i = time-averaged TPF count rate, / =
collection efficiency = 5.1%, g2 = TPF quantum yield,
d = TPA cross-section, gp = 0.588 for Sech2(t) pulse
shape, f = repetition rate (76 MHz), s = pulse width
(120 fs), and hP(t)i = average incident excitation power.
This method simplifies the TPA cross-section determina-
tion in two ways: (1) the dye concentration within the
focal volume is now known exactly and is equal to 1,
and (2) only knowledge of the peak intensity at the cen-
ter of the excitation focus is needed; the full three-
dimensional integral over the entire focal volume is no
longer required. This is notable since the volume integral
can be a significant source of error in the determination
of the TPA cross-sections due to aberration in the imag-
ing optics and nonlinear effects (self-focusing, etc.) in the
focal volume related to the extremely high peak intensi-
ties present in TPA experiments. On the other hand, Eq.
(1) presumes that the molecule has a transition moment



Fig. 3. The two-photon excitation spectrum (connected circles) and
one-photon absorption spectrum (dotted line) for DCDHF-6 in
PMMA. DCDHF-6 has a maximum d of 44 GM at kpump = 940 nm.
For comparison, the one-photon absorption spectrum is plotted versus
twice the one-photon absorption wavelength.
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aligned with the electric field of the pumping light, an is-
sue we now discuss.

The average TPF count rate was determined for each
single-molecule time trace. The TPF count rate from a
single DCDHF-6 molecule, however, is related to its ori-
entation in the PMMA film relative to the excitation
polarization. To compare the d values found using Eq.
(1) to values of d in the literature determined from bulk
solutions and films, which are averages over all possible
molecular orientations, we correspondingly compute the
ensemble average of all hTPF(t)i values from the indi-
vidual single-molecule time traces. This has the effect
of extracting from the single-molecule measurements a
value of d that will be most comparable to that from
bulk studies. In a situation where the single-molecule
orientations are well-defined or directly measured by
polarization methods, the true peak value of d could
be extracted. For our situation, the average of hTPF(t)i
was found to be 493 counts/s for an average excitation
power of 260 lW at kpump = 930 nm. Inserting this into
Eq. (1) along with the other known parameters yielded
an orientationally-averaged d for DCDHF-6 of
38 ± 11 GM at kpump = 930. In calculating d, we have
made the common assumption [4] that g2 = one-photon
fluorescence quantum yield g1 in PMMA = 92% [11].
The validity of this assumption is based primarily on
the similarity of the one- and two-photon fluorescence
spectra in Fig. 1(c). However, the reduced TPF lifetime
may indicate a reduction in g2 relative to g1 [21], in
which case the values of d reported here must be ad-
justed accordingly.

To gain information about the TPA tensor of
DCDHF-6, we performed bulk measurements of TPF
for linear and circular excitation polarizations. We ob-
tained a value of 1.45 for the ratio of TPF signals from
linear versus circular polarization, confirming that the
tensor is diagonal with one dominant element [9,22]. Be-
cause the tensor contains only one dominant element,
TPA (and TPF if the absorption and emission dipoles
are assumed collinear) has a cos4h angular dependence
for linearly polarized excitation, where h is the angle be-
tween the excitation polarization and the molecular
transition dipole. For N.A. = 1.4, the collection effi-
ciency of the microscope objective is equal for all molec-
ular orientations and, therefore, contributes no angular
dependence to the collected TPF signal distribution [23].
Unlike samples fabricated by spin coating dye solution
directly onto the glass substrate, where molecules may
orient preferentially towards the surface plane (due,
for example, to electrostatic interactions with the sur-
face) [9,24], the DCDHF-6 molecules are embedded in
a polymer matrix and little, if any, preferential orienta-
tion is expected. Under these circumstances, the orienta-
tionally-averaged TPF will be 5 times smaller than when
all molecules are aligned with the excitation polariza-
tion. Since the h dependence and polarization are
known, in principle the molecular orientation distribu-
tion can be determined from the distribution of single-
molecule TPF signals. However, absolute calibration
requires knowledge of the orientation of at least one
molecule in the sample. This is not known for the sam-
ple discussed here, and since the interpretation of the
single-molecule TPF signal distribution could be ambig-
uous, we therefore base our analysis on the ensemble-
averaged TPF value from the single-molecule TPF time
traces.

To confirm the accuracy of the single-moleculemethod
for determining d, a bulk measurement was also per-
formed. Following the approach described in [20], a
value for d of 33 ± 10 GM was found by comparing
the one- and two-photon fluorescence from a bulk con-
centration film. Within experimental error, this value is
nearly equal to the d derived above. It is expected that
the single-molecule derivation of d would be slightly lar-
ger than the bulk value since molecules oriented nearly
orthogonal to the incident polarization, which emit
TPF signal below the noise floor of the detector and
contribute extremely small effective TPA cross-sections
to the overall average, are not detected in the single-
molecule experiment and are therefore left out of the
calculation.

A two-photon excitation (TPE) spectrum for
DCDHF-6 in PMMA is shown in Fig. 3. The bulk sam-
ple was used to determine the relative wavelength depen-
dence, but the absolute d calibration is from the 930 nm
single-molecule measurement above. We find that
DCDHF-6 has a maximum d = 44 ± 13 GM at
kpump = 940 nm. For comparison, the bulk one-photon
absorption curve, plotted versus twice the one-photon
absorption wavelength, is also presented in Fig. 3. The
peak of the TPE spectrum is blue-shifted relative to



Table 1
Comparison of DCDHF-6 TPA cross-section with other dyes

Dye Matrix/solvent Wavelength (nm) d (GM)

DCDHF-6 PMMA 940 44
Rhodamine 6Ga Methanol 800 30
Fluoresceina H2O 780 37
AF-50b Benzene 800 1940
AF-50b PMMA 760 658

a Ref. [25].
b Ref. [20].

P.J. Schuck et al. / Chemical Physics 318 (2005) 7–11 11
twice the absorption maximum of 496 nm, consistent
with the behavior of other TPF dyes [4]. The short wave-
length shoulders on both curves are interpreted as vibra-
tional structure. As seen in Table 1, the DCDHF-6 TPA
cross-section compares favorably with those for other
commonly used TPF dyes and is larger than the d peak
of 30 GM at 800 nm for Rhodamine 6G and the d peak
of 37 GM at 780 nm for fluorescein [25]. In addition, the
DCDHF-6 TPA peak wavelength of 940 nm is longer
than the peak TPA wavelengths of most other TPF dyes.
This is useful for biological applications since the longer
wavelength is less likely to pump other cellular emitters.
Some dyes, such as AF-50, have been specifically tai-
lored for TPF and have extremely large TPA cross-
sections, e.g., d = 1940 GM for AF-50 in benzene [20].
However, these dyes have not been studied at the sin-
gle-molecule level so their single-molecule fluorescence
characteristics are unknown.

In conclusion, we have imaged single molecules of the
novel fluorophore DCDHF-6 using two-photon fluores-
cence microscopy. TPF analysis from single DCDHF-6
molecules yielded a TPF lifetime of 1.8 ns and a mean
(detected) NTPF

Tot;O of 6024 ± 730. We have developed a
single-molecule method for determining absolute TPA
cross-sections, finding an orientationally-averaged d
for DCDHF-6 of 44 GM at the peak wavelength of
kpump = 940 nm. These properties, combined with their
other unique characteristics, should make the DCDHF
dyes useful probes for single-molecule TPF experiments
in a wide range of environments and applications.
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